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n Abstract The structures of an increasing number of channels and other fi-helical
membrane proteins have been determined recently, including the KcsA potassium
channel, the MscL mechanosensitive channel, and the AQP1 and GlpF members of the
aquaporin family. In this chapter, the orientation and packing characteristics of bilayer-
spanning helices are surveyed in integral membrane proteins. In the case of chan-
nels, fi-helices create the sealed barrier that separates the hydrocarbon region of the
bilayer from the permeation pathway for solutes. The helices surrounding the perme-
ation pathway tend to be rather steeply tilted relative to the membrane normal and are
consistently arranged in a right-handed bundle. The helical framework further provides
a supporting scaffold for nonmembrane-spanning structures associated with channel
selectivity. Although structural details remain scarce, the conformational changes asso-
ciated with gating transitions between closed and open states of channels are reviewed,
emphasizing the potential roles of helix-helix interactions in this process.
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INTRODUCTION
Few discoveries have had a greater, or longer-lasting, impact on the field of protein
structure and function than the fi-helix, first unveiled by Linus Pauling 50 years
ago (74). This is particularly true in the study of membrane proteins, where the
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fi-helix provides an exquisite solution to the problem of satisfying the hydrogen-
bonding potential of the peptide bond in the apolar environment of the bilayer. (The
fl-sheet, Pauling’s “other” secondary structure (73), also provides a solution to this
problem adopted by outer-membrane proteins such as porins that are beyond the
scope of this review.) Prior to any detailed structural understanding of membrane
proteins or even of the membrane itself, it was anticipated that membrane-spanning
proteins would be predominantly helical, based on observations that the fi-helix
content of polypeptides increases significantly in nonaqueous solvents (87). These
predictions were subsequently confirmed through Henderson & Unwin’s obser-
vation of seven rod-like features in the initial electron crystallographic studies of
bacteriorhodopsin (37) and, ultimately, at high resolution in the structure of the
photosynthetic reaction center by Deisenhofer et al. (18). Our present understand-
ing of the primary and secondary structure organization of these integral membrane
proteins can be summarized by the statements that the bilayer-spanning residues
consist primarily of apolar amino acids and that these residues are predominantly
found in the fi-helical conformation.
Channels constitute a functionally important class of membrane proteins that
mediate the transmembrane passage of ions and other small molecules in their
thermodynamically favorable direction [reviewed in (1, 38)]. These macromolec-
ular pores establish the basis for synaptic transmission, cell signaling, volume
regulation, and many other critical physiological processes via their characteristic
properties of ion selectivity, conductance, and gating. Channels may be highly
selective for a particular molecular species (e.g., potassium, sodium, glycerol), or
more permissive to a general class of molecules or ions such as anions, or they may
even be completely nonselective. The structural basis for channel specificity has
been established in greatest detail for the KC channel (22) and more recently for
the aquaporin family (30, 66). The conductance of a channel specifies the number
of molecules that can pass through the channel per unit time and depends on the
geometry of the permeation pathway and the energetic profile for passage through
the channel. In many cases, the conductance of a channel is regulated or gated by
the conformational switching of the protein structure between “open” and “closed”
states. The conformational sensitivity of channels to external influences is at the
heart of the ability of these molecules to function as signal transducers. This be-
havior represents a fascinating biophysical challenge for understanding how the
protein structure is coupled to these environmental cues.
Crystallographic analyses of the KcsA (22), MscL (11), AQP1 (66), and GlpF
(30) channels have provided the first detailed views of their molecular organization
(Figure 1). These channels represent a diverse cross section of channel activities:
KcsA is a potassium ion–specific channel, MscL is a mechanosensitive channel
that is most likely associated with protection against osmotic shock, and GlpF and
AQP1 are members of the aquaporin family. Not coincidentally, the channels whose
structures have been established by X-ray crystallography (KcsA, MscL, and GlpF)
have all been isolated from prokaryotes, which reflects the great advantages (at
present) of bacterial systems for the expression and purification of appropriate
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Figure 1 Structures of the KcsA (22), MscL (11), and GlpF (30) channels viewed
parallel (top) and perpendicular (bottom) to the membrane normal. One of the four
subunits in the GlpF tetramer is highlighted as a ribbons diagram in each view, with
the Cfi backbones of the remaining subunits traced in thinner lines. The vertical bar
on the left indicates 20 ˚A. The molecular figures in this article were prepared with
MOLSCRIPT (48).
quantities of naturally less-abundant membrane proteins for crystallization trials.
As evidenced from the structures, the bilayer-spanning region of these channels
is formed from a collection of fi-helices oriented such that the helix axes tend
to be aligned along the membrane normal. The helices are packed together to
form a sealed barrier that separates the hydrocarbon region of the bilayer from the
permeation pathway for solutes. These structures provide a molecular framework
for addressing functional properties of channels. For example, the structures of
the KcsA and aquaporin family channels provide fundamental insights into the
chemical basis for channel selectivity. In both systems, specificity is achieved
through nonhelical structures in the center of the respective channels that form the
“selectivity filter” responsible for selective binding of the appropriate molecular
species. The structure of the KcsA channel has also permitted theoretical analyses
of channel conductance that take into account the geometry of the permeation
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pathway, along with electrostatic and binding interactions that shape the energy
landscape as the solute traverses the channel (81). Still to be established is the
structural basis for the coupling of channel structure to environmental changes, in
particular the issues of how the sensing occurs and how the protein conformation
switchs between closed and open states. For channels such as MscL that have open
states of large conductance, these conformational changes must be dramatic and
clearly must involve rearrangements in the helix-helix packing interactions.
As these initial studies demonstrate, the fi-helix provides the central struc-
tural element for channel construction. This chapter explores implications of this
fi-helical framework for the conformation and gating transitions of channels. After
a brief introduction to gating, a more-detailed analysis of fi-helices in membranes
will be presented, followed by a discussion of structurally characterized channels.
GATING
The simplest model for conformational gating treats the channel as exhibiting two
conformational states, closed (C) and open (O)
C K(V, c, P, etc.)$ O:
The equilibrium constant between these states is sensitive to the values of envi-
ronmental parameters such as membrane potential (V), ligand concentrations (c),
and tension applied to the bilayer (P). By convention, this equilibrium is written
such that the left-hand side is favored under resting conditions. For example, the
closed state of KC channels and MscL are stabilized by »10 kcal/mole relative
to the open state (38, 96). In response to appropriate changes in the environment,
however, the equilibrium will shift toward the open state. Conformational changes
between the closed and open states can formally be accomplished through many
mechanisms. For voltage-gated channels, altered charge distributions between the
open and closed states can couple protein conformation to changes in the mem-
brane potential; for ligand-gated ion channels, changes in ligand affinity can shift
the equilibrium between closed and open (or desensitized) states; for mechanosen-
sitive channels, changes in membrane tension can differentially stabilize open and
closed states that vary in cross-sectional areas. The steepness of the response
provides a measure of the cooperative nature of the transition between states.
Although this model clearly is an oversimplification of real systems, because de-
tailed electrophysiological studies of ion channels have demonstrated the existence
of multiple closed and open states, it does provide a useful basis for addressing
the conformational basis of channel gating.
This description of channel gating may be treated within the framework of the
Monod-Wyman-Changeux (MWC) model for allosteric systems (12, 65). In the
MWC formalism, allosteric systems are considered to be composed of a symmetric
arrangement of subunits that exist in two states, R and T, with different properties;
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conventionally, the R and T states represent the active and inactive states. The
equilibrium between these states may be shifted through the binding of ligands
and other effectors that have different affinities for the two states:
T
1=L$ R:
Typical values of the resting state ratio of (R)/(T) are in the range of 10¡3
to 10¡6 (33, 76), so that the T state is favored in the absence of ligands by
»5–10 kcal/mole—comparable to the energetic difference between open and
closed states of channels. (Note, this equilibrium constant corresponds to the in-
verse of the allosteric constant L defined by MWC.) The binding of substrates
and allosteric activators increases activity by shifting the equilibrium toward the
more-active R state, whereas allosteric inhibitors stabilize the less-active T state.
A critical insight from this model is that the cooperativity characteristic of al-
losteric systems reflects their oligomeric construction. A key assumption of the
MWC treatment is that the oligomer remains symmetric, so that it behaves as a
two-state system (R or T). This has the important consequence that the structure
and ligand-binding properties of each subunit depend only on the quaternary state
of the system and not on how many ligand molecules are bound. Again, although
this model is overly simplistic, it does capture the essence of many real systems.
In view of the parallels between gated channels and allosteric enzymes, the
general types of conformational changes associated with gating are anticipated
to resemble those observed for allosteric systems (33, 61, 76). Switching between
the R and T states can involve changes in both quaternary and tertiary levels
of structural organization. Quaternary structural changes result in alteration of
subunit-subunit interactions, which can achieve global rearrangements that effec-
tively propagate ligand-binding events over large distances from the ligand-binding
sites. These changes typically involve switching between alternate close-packed
and interdigitated configurations of the polypeptide chain at the subunit-subunit
surfaces. Tertiary structural changes primarily involve rearrangements within sub-
units. Although these can be more localized than quaternary changes, alterations in
domain-domain interfaces can also be comparable to rearrangements of subunit-
subunit interfaces and consequently can involve large-scale rearrangements. Order-
disorder transitions that result in the folding or unfolding of part of the polypep-
tide chain have also been associated with allostery (33, 61). Many of the general
types of gating models proposed for ion channels [see (38)] have counterparts
in structurally characterized transitions in allosteric systems; for example, alter-
ations in subunit-subunit interactions between closed and open states correspond
to quaternary structure changes, whereas gating models descriptively designated
“swinging door,” “slider,” “tethered-ball,” and “ball-and-chain” involve tertiary
structure changes.
Gerstein et al. (32) have identified and documented two major types of con-
formational changes that can occur within domains “hinge” and “shear.” Hinge
motions involve larger-scale movement in residues not constrained by packing in-
teractions due to a few large changes in the main chain torsion angles of spatially
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adjacent residues, which represent the hinge. In view of the close-packed nature of
membrane-spanning domains, hinge motions in channels would seem more rele-
vant for conformational changes involving the extramembrane regions. In contrast,
shear motions involve more-localized changes between close-packed segments that
do not involve repacking of interfaces or deformation of the main chain. An im-
portant feature of proteins exhibiting shear motions is that they may be considered
to have a “layered architecture,” and conformational changes proceed through the
sliding of adjacent layers. Of significance for our channel discussion, helices are an
important component of these layers. The helices most commonly found in sliding
interfaces are usually crossed, as opposed to more nearly (anti)parallel. Gerstein
et al. (32) speculate that the smaller interface between crossed helices, relative
to more parallel arrangements, can better accommodate the structural changes
associated with shear motions.
CHANNEL STRUCTURE AND FUNCTION
Characteristics of fi-Helices in Membrane Proteins
As a reference point for our discussion of channel structure and function, some
general characteristics of fi-helices in membrane proteins are briefly reviewed.
This discussion builds extensively on Bowie’s insightful analysis of helix-helix
interactions in membrane proteins (8). Given the still small number of channel
structures, the present analysis is based on a larger set of helical membrane protein
structures, both channel and nonchannel, that contains 15 proteins with a total of
139 membrane-spanning helices (Table 1). Although the energetic principles driv-
ing the structural organization of membrane proteins are not explicitly discussed,
engaging expositions of this relevant and fundamentally important topic may be
found in recent reviews by White & Wimley (105), Popot & Engelman (77), and
Fleming (27). A discussion of the consequences of deviations from noncanonical
fi-helical geometries for membrane protein structure and function may be found
in (80a, 102).
To begin, we define a coordinate system for membrane proteins using the con-
vention that the membrane normal is oriented along the z-axis, with the origin
corresponding to the center of the membrane-spanning region and the positive
z-axis pointing toward the outside of the cell (Figure 2). Because the membrane-
spanning region cannot be experimentally defined, with the exception of a few
proteins such as bacteriorhodopsin that have been studied by electron crystallo-
graphy in their native membranes, it is necessary to identify this region through
computational methods. For proteins that are oligomeric (including most of the
proteins in Table 1), the direction of the rotation axis relating identical or homol-
ogous subunits is taken to correspond to the membrane normal. For the remaining
structures, the direction of the membrane normal is defined such that the overall
tilt of the helix axes from the normal is minimized. In this coordinate frame, the
membrane-spanning region is assigned following the approach of Deisenhofer &
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TABLE 1 Proteins used in the analyses of membrane-spanning helices that are described in
the text
PDB TM N Protein Ref.
1occ 28 2 bovine cytochrome c oxidase (101)
1qle 22 1 Paracoccus denitrificans cytochrome c oxidase (43)
1bgy 13 2 bovine cytochrome bc1 (42)
2prc 11 1 Rhodopseudomonas viridis photosynthetic reaction center (18)
1aij 11 1 Rhodobacter sphaeroides photosynthetic reaction center (90)
1eul 10 1 rabbit calcium ATPase (99)
1brx 7 3 Halobacterium salinarium bacteriorhodopsin (59)
1e12 7 3 halorhodopsin (47)
1f88 7 1 bovine rhodopsin (69)
1fx8 6 4 E. coli glycerol facilitator GlpF (30)
1fum 6 1 E. coli fumarate reductase (41)
1qla 5 2 Wolinella succinogenes fumarate reductase (51)
1kzu 2 9 Rhodopseudomonas acidophila light harvesting complex (63)
1bl8 2 4 Streptomyces lividans KC channel KcsA (22)
1msl 2 5 Mycobacterium tuberculosis mechanosensitive MscL (11)
PDB denotes identifier for the coordinates in the Protein Data Bank (5, 97); TM is the number of unique membrane-spanning
helices in each structure; and N denotes the copy number of identical subunits in the likely functional unit.
Michel (19), who characterized the relative apolarity of the protein surface by the
fraction of the accessible surface area contributed by carbon atoms. The origin
is then assigned as the midpoint of the region with the greatest average surface
apolarity.
As seen in Figure 3, helical membrane proteins exhibit a 20 ˚A–wide region
with >90% of the surface area contributed by carbon atoms. This same region is
also characterized by the presence of few potentially charged side chains. Adja-
cent to this central region, the apolarity of the protein surface tapers down over a
10 ˚A–wide band to the »55% contribution typical of water-accessible surfaces,
while the number of charged side chains increases sharply in this same region.
Hence, based on surface apolarity, membrane proteins exhibit a 40 ˚A–wide band
composed of a 20 ˚A–wide central region with flanking 10 ˚A–wide stripes that
presumably correspond to the hydrocarbon and headgroup regions of the mem-
brane bilayer. The 20 ˚A width of the most apolar band of the membrane-spanning
surface corresponds well with the region of minimum-charge density identified in
experimentally determined electron-density distributions for membrane bilayers
(105) and with the region of maximum probability for the distribution of carbon
atoms in the hydrocarbon chains of phospholipids (67). These studies have also
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Figure 2 Definition of the coordinate system used in this article for the analysis of
helix properties, including the orientation of the membrane normal along the z-axis,
assignment of the membrane center to z D 0, and the convention used to define the
helix tilt angle, ·.
Figure 3 Variations with position in the apolarity of the protein surface and in the
distribution of charged residues and helix termini, relative to the membrane, for the
proteins listed in Table 1. The fractions of the accessible surface area contributed by
carbon atoms are indicated by filled circles (†), as calculated in 2 ˚A slabs perpendicular
to the membrane normal and averaged over all proteins. The numbers of side chains
of potentially charged residues (Arg, Asp, Glu, His, and Lys) are represented by open
circles (o), as calculated in 1 ˚A intervals along z, while the histogram indicates the
number of membrane-spanning helices that terminate in 1 ˚A bins centered at the
indicated z value. The residues in each helix were identified with the program STRIDE
(29). The positions of charged side chains were assigned from locations of the C‡ , C° ,
C–, C° , and N‡ atoms for Arg, Asp, Glu, His, and Lys, respectively.
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positioned the maximum of the probability distribution for the phosphate head-
groups to be approximately 40 ˚A apart, which coincides with the transition of the
average polarity of the protein surface to that typical of water-soluble surfaces.
The high average hydrophobicity of the protein surface is consistent with the
apolar nature of the lipid-exposed residues in integral membrane proteins. This hy-
drophobicity analysis may also be extended to include interior residues, by using
surface area calculations to identify residues in the membrane-spanning helices
that are either lipid-exposed (surface) or lipid-inaccessible (interior). For this cal-
culation, residues were used that had Cfis positioned between ¡10 ˚A • z • 10 ˚A
in the membrane-spanning helices of the proteins in Table 1. Surface residues
were identified as exposing at least 20% of the total surface area for a given type of
amino acid. This classification resulted in 33% and 67% of the residues assigned
to the surface and interior classes. The average residue hydrophobicities of these
two classes were evaluated with the hydrophobicity scale defined by Eisenberg
et al. (24), where the extreme values are set by arginine and isoleucine at ¡1.76
and C0.73. For the proteins in Table 1, the average hydrophobicities of the in-
terior and surface residues are calculated to be C0.23 and C0.41. Hence, while
the interior and surface residues of membrane proteins are, on average, both ap-
olar, the lipid-exposed surface residues tend to be more apolar. Furthermore, the
interior residues of membrane proteins have comparable hydrophobicities to the
interior residues of water-soluble proteins. This analysis is completely consistent
with observations reported on earlier membrane protein structures (79, 104). One
implication of this behavior is that it should be possible to solubilize membrane
proteins by replacement of lipid-exposed residues with polar amino acids (80); the
design, preparation, and characterization of solubilized forms of phospholamban
have recently been described (28, 57).
The positioning of bilayer-spanning helices within the membrane may be
assessed from the locations of the helix termini with respect to the membrane
coordinate system described in Figure 2. For the purposes of this analysis, the
helix boundaries were assigned by the program STRIDE (29); occasional irregu-
larities in helix geometries can lead to the assignment of two helices within one
membrane-spanning stretch. The length of the 139 membrane-spanning helices
in Table 1 averages 26 § 6 residues. When the positions of the termini for the
helices along the membrane normal are projected onto the apolarity distribution
(Figure 3), the clear trend is that most helices span the 20 ˚A–wide apolar region
and end in the headgroup regions (104). Few helices, however, span the complete
40 ˚A distance across the membrane from one headgroup-aqueous interface to the
other. Of significance for later discussion, the amino-terminal ends of 76 helices
(0.547 D 76=139 · PN) are positioned on the cytoplasmic side.
The axes of membrane-spanning helices are not randomly oriented within the
membrane, but rather tend to be aligned perpendicular to the bilayer plane. Bowie
(8) observed that, on average, the helix axes are tilted »21– relative to the mem-
brane normal. Similar trends are observed in the present survey, with the he-
lix tilt averaging 23– § 10– when the direction of the polypeptide chain across
the membrane is ignored. The tilt-angle distribution for the proteins in Table 1,
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Figure 4 Histogram of the tilt angle of the helix axis with respect to the mem-
brane normal for the proteins listed in Table 1, tabulated in 10– bins. Tilt angles be-
tween 0––90– and 90––180– correspond to helices with their N-terminal (76 helices) or
C-terminal (63 helices) ends closest to the cellular interior. For this calculation, the
tilt angle was calculated from the transformation required to superimpose an ideal he-
lix oriented along the z-axis onto those residues located within the 20 ˚A–wide apolar
area (Figure 3) of membrane-spanning helices. Similar, but not identical, results (not
shown) were obtained for the entire helical stretches owing to the presence of kinks
and other irregular regions.
including the directionality of the polypeptide chain across the bilayer, is illus-
trated in Figure 4. Longer helices do not appear to be more (or less) tilted than
their shorter counterparts (data not shown).
Both the interhelical-crossing angle and the distance of closest approach
characterize the packing together of two helices (13). In this survey, these para-
meters were evaluated with the program PROMOTIF (40) for thefi-helical residues
within the 20 ˚A–wide nonpolar surface region of the proteins listed in Table 1.
As discussed by Bowie (8), helix-helix interactions with nearly parallel helix
axes are much more favored in membrane proteins than in water-soluble proteins
(Figure 5A). Parallel orientations result in more extensive helix-helix interfaces
(7), which may contribute to the more efficient packing density that has been re-
ported for membrane proteins (23, 31). A preference for small residues, particularly
Gly, at helix interfaces (23, 44, 54, 82, 83) should also contribute to the packing
efficiency of membrane proteins.
Although the preference for helix axes to be parallel reflects the strong tendency
of helices to be oriented along the membrane normal, it is not the entire story be-
cause left-handed packing arrangements are more abundant than right-handed ones
(8, 52). Specifically, the observed distributions indicate an excess of left-handed
interactions, with interhelical-crossing angles at C20– and ¡160– and a deficit of
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Figure 5 (A) Histogram of the 226 interhelical-crossing angles calculated with
PROMOTIF (40) for the membrane-spanning helices in Table 1. The open ( e) and
closed (†) circles represent helical pairs separated by<10 ˚A (135 helices) and>10 ˚A
(91 helices). The distributions were tabulated in 10– bins, centered at the indicated
values. Helical segments within the 20 ˚A–wide apolar region of the membrane
(Figure 3) were used for this calculation; 21 of these helix contacts occurred between
different protomers within an oligomer. (B) Histogram of the observed interhelical-
crossing angle probability distribution with the expected ( e) distribution superimposed,
evaluated in 10– bins. The observed distribution was obtained from the results of
Figure 5A, divided by the total number of helical pairs in the data set (226 helices).
The expected distribution was derived assuming the random pairing of helices obeying
the tilt-angle distribution in Figure 4, allowing free rotation of the helices about the
membrane normal.
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right-handed interactions at ¡30– and C150– relative to the frequencies expected
(Figure 5B) for random pairings of helices with the observed tilt-angle distribution
(Figure 4). In addition to the preference for left-handed packing arrangements,
there is also a clear preference for antiparallel arrangements (8), which occur in
94=135 D 0.696 of the helix pairs separated by less than 10 ˚A. This is significantly
more frequent than expected from random considerations because, for the orienta-
tions of helices in this database, the expected fraction for antiparallel arrangements
is calculated to be 0.496 (D 2 £ PN £ (1¡ PN))—close to that actually observed
for helix pairs separated by more than 10 ˚A (0.528 D 48=91).
In all channels characterized to date, the permeation pathway for solutes through
the membrane is lined by helices. For symmetric, oligomeric proteins that have
the permeation pathway generated by one helix per subunit, the tilt of the helix
with respect to the membrane normal, ·, the interhelical-crossing angle, fi, and the
minimum pore radius, R0, are not all independent. With perfectly regular helices
modeled as cylinders of diameter d and exact N-fold rotational symmetry, the
variation in minimum pore radius with helix tilt may be shown to be
R0 D d2
‡
tan · cot
‡fi
2
·
¡ 1
·
; (1)
where
cosfi D cos2 · C sin2 · cos µ; (2)
and µ D 2…=N. The dependence of R0 on · is illustrated in Figure 6 for differ-
ent numbers of subunits in an oligomer. For perfectly regular helices and ideal
oligomeric symmetry, an increase in pore radius requires an increase in helical
tilt. At least for tetramers and pentamers, significant changes in pore radius only
occur as the helix tilt exceeds »40–. Not surprisingly, for a given helix tilt, the
pore radius increases with the number of helices lining the permeation pathway.
It has been noted, for example, that pentameric channels tend to have larger pore
diameters and poorer ion selectivity than channels formed from four subunits (38).
This simple analysis further suggests that formation of a pore of any diameter is
essentially impossible from three ideal helices.
Real Channels
LIGAND-GATED CHANNELS: THE NICOTINIC ACETYLCHOLINE RECEPTOR The nico-
tinic acetylcholine receptor (nAChR) isolated from the muscle-derived electric or-
gan of the Torpedo ray provided the first visual evidence of the three-dimensional
structure of an ion channel (100). Organized as a heteropentamer (fi2fl° –) of
homologous subunits that are each predicted to contain four transmembrane seg-
ments (designated M1 to M4), this receptor is the classic representative of a super-
family of phylogenetically related proteins including the glycine, ° -aminobutyric
acid, and serotonin receptors [reviewed in (14, 53)]. Three-dimensional views
of this receptor reconstructed from electron microscopic images, including the
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Figure 6 Dependence of the minimum pore radius R0 on the helix tilt angle for ideal,
oligomeric channels with one helix per subunit lining the permeation pathway. R0
values ( ˚A, left-hand axis) are calculated as a function of tilt angle using Equations 1
and 2 for N D 3 (dotted line), 4 (thin line), 5 (medium line), and 10 (dark line). Circles
(†, right-hand axis) indicate the interhelical-crossing angles calculated as a function
of tilt angle for N D 5 from Equation 2. A helix diameter d D 9 ˚A was used in these
calculations.
recent analysis at 4.6 ˚A resolution (64), provided the first structural evidence
of an hourglass-shaped pore coursing through the central axis of the receptor
complex, with the narrowest region localized approximately midway through
the membrane. The permeation pathway is lined by five fi-helices that pack
together in a right-handed bundle. Based upon a variety of data gathered from
biochemical, electrophysiological, and mutagenesis experiments, the pore region
is most probably lined by residues contributed by the M2 transmembrane seg-
ments from each subunit, with each M2 segment adopting an fi-helical struc-
ture. The constricted region of the channel has been proposed to function as
the physical gate, perhaps formed by a thin ring of apolar side chains that reg-
ulate ionic flux through the transbilayer pore. Although the exact identities of
the residues involved in forming the physical channel gate are uncertain, a se-
ries of conserved leucine residues have been implicated [(50); reviewed in (14)].
Consistent with the hypothesis that this constriction or kink in the M2 helices regu-
lates the ion-conduction pathway, Unwin observed conformational changes within
this region upon flash-freezing the receptor after brief exposure to acetylcholine
(103). Evidence from cysteine mutagenesis studies differs from this interpretation
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(3), however, highlighting the need for further increases in the resolution of the
current structural model.
The recent crystal structure determination of a soluble acetylcholine-binding
protein (AChBP) from snails (9) represents an important advance in characteriz-
ing the binding of ligands in this system. AChBP forms a stable homopentamer
of subunits homologous to the ligand-binding domain of nAChR; significantly,
AChBP binds agonists and competitive antagonists of nAChR (36a). The AChBP
subunit adopts an immunoglobin-like fold, with ligand-binding sites located at the
subunit-subunit interfaces, sites that seemed to be blocked by the binding of a neu-
rotoxin, fi-bungarotoxin (36a). From the location of a buffer molecule believed to
serve as an acetylcholine mimic, the molecular details of the binding site have been
defined. In particular, the binding site is rich in aromatic residues, as anticipated
(14), that interact with quaternary amine-containing agonists through cation-pi
interactions (21). The gating mechanism(s) by which ligand binding is coupled to
changes in the transmembrane domain remain obscure, and future developments
on this system are eagerly awaited.
SELECTIVITY AND VOLTAGE-GATING: KC CHANNELS The regulation and mainte-
nance of an electrochemical potential across the plasma membrane are vital to all
living cells and provide the energy required for driving many metabolic and cellu-
lar functions, most classically exemplified in the case of nerve and muscle firing.
Voltage-sensitive KC channels (Kv) not only play a critical role in controlling the
resting membrane potential but also affect the duration and amplitude of signaling
events (action potentials) based upon their gating and inactivation properties, as
well as other factors (e.g., unitary conductance and level of expression). Due to
the extensive study of Kv channels at the biophysical, biochemical, molecular,
and atomic levels over the past decade and a half, we have gained a clearer un-
derstanding of structure-activity relationships within these proteins in regard to
ion selectivity, subunit assembly, interactions with blockers, activation and gating,
inactivation, and many other important questions.
Organized as tetramers of identical or related subunits (60, 86), the conduction
pathway for KC ions runs parallel to the fourfold central axis of the channel, as
clearly evidenced in the crystal structure of the prokaryotic KC channel, KcsA, by
MacKinnon and coworkers (22). Each subunit within a Kv channel, as epitomized
by the Shaker channel from Drosophila, is thought to have six membrane-spanning
helices (designated S1 to S6), with the highly conserved interconnecting loop be-
tween S5 and S6 playing a predominant role in ion selectivity. The molecular orga-
nization of this region of the potassium channel was established by the structural
analysis of KcsA (22). Each subunit of KcsA contains two membrane-spanning
helices, corresponding to S5 and S6 in Kv channels, with the intervening seg-
ment containing the pore helix and a loop-forming structure, which functions as
the selectivity filter. The permeation pathway through the membrane is formed
by the second transmembrane helix (corresponding to S6). These helices are
tilted »35– from the membrane normal, and pack against their counterparts from
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Figure 7 Structures of KcsA (left) (22) and GlpF (right) (30) emphasizing the location
of nonmembrane-spanning elements responsible for channel selectivity. The transmem-
brane helices are represented as ribbons, whereas the nonmembrane-spanning regions
are depicted as solid traces. The positions of three potassium and one water in the
selectivity filter of KcsA (left) and three glycerol molecules in the permeation pathway
of GlpF (right) are indicated by CPK models. For clarity, one subunit of the KcsA
tetramer has been removed, while only one subunit of GlpF is displayed, with the first
and last transmembrane helices omitted.
adjacent subunits to form a right-handed bundle with interhelical-crossing angles
of¡51–. The S5 and S6 helices provide the framework that positions the residues
in the interconnecting loops responsible for ion selectivity. Significantly, the KcsA
structure has provided physical evidence for the mechanism of ion selectivity, il-
lustrating the coordination of dehydrated KC ions by backbone carbonyl atoms
within the selectivity filter (22) (Figure 7). Based on the sequence similarity with
the Kv channels, the structure of the KcsA channel most probably serves as a good
model for the structure of the pore region in Kv channels.
Although we do not yet have a complete crystallographic model of a Kv chan-
nel, several pieces of structural information provide other clues as to some of
the pertinent functional elements of the extramembrane components. A region
N-terminal to the first transmembrane helix of the Kv channels, known as T1,
although not absolutely required for channel function (45), appears to participate
in the specificity of subunit assembly (58, 85) and is also involved in the docking
with modulatory Kv fl-subunits (35, 84). The tetrameric structure of the isolated
T1 domain suggests that the respective T1 regions from each subunit might co-
assemble together below the cytoplasmic face of the channel pore (49). However,
it was initially unclear how this structure might be compatible with biophysical
data on the accessibility of the N-terminal “inactivation ball” to the cytoplasmic
side of the pore. In support of this model, the structure of the T1 domain together
with a modulatory fl-subunit, which is known to contain an inactivation ball, has
recently been solved (35). By combining this and other structural information
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with biochemical and biophysical evidence, it is suggested that the inactivation
particle may gain access to the pore through a gap or window between the T1
and transmembrane domains (35, 46, 88, 106). Following initial interaction with
the cytoplasmic channel surface, it is proposed that the inactivation particle sub-
sequently enters the pore as an extended peptide and binds in a cavity adjacent
to the selectivity filter, thereby blocking the channel (108). Because the overall
quaternary structure appears to remain intact, these gating transitions are based on
changes in the tertiary structure of the channel.
Although it is uncertain as to whether the subunit associations in the T1 domain
rearrange or dissociate during channel gating in vivo, locking this domain together
does not greatly affect channel gating (46). Additionally, replacing acidic residues
within the linker region between the transmembrane and T1 domains (S1-T1) with
neutral or basic residues decreases the rate of inactivation apparently by altering
electrostatic interactions with the inactivation gate (35). The inactivation gate and
several small-molecule inhibitors physically interact with the cytoplasmic side of
the transmembrane pore (20, 108); because the opening through the center of the
assembled T1 domain is too small and too basic to accommodate these molecules,
the experimental evidence seems to support the model of lateral openings leading
from the cytoplasm to the channel pore. Intriguingly, structural information for
the ligand-gated and mechanosensitive channels also appear to exhibit similar
openings beneath their respective transmembrane pores (11, 64), suggesting that
this structural feature has been conserved throughout ion channel evolution and
may play a valuable functional role.
Based on abundant electrophysiological and spectroscopic data, the transduc-
tion of membrane potential changes to conformational movements in Kv channels
is likely mediated by the fourth transmembrane helix (S4), the “voltage-sensor,”
which contains a regular series of basic residues repeated at every fourth posi-
tion. Additionally, negatively charged residues within the second and third trans-
membrane helices (S2 and S3) have been demonstrated to form salt bridges with
the basic amino acids in the S4 helix, suggesting that these interactions stabilize
and coordinate the structural rearrangements between the closed and open states
(26, 70, 98). In order to better understand the dynamics involved in the movement
of the S4 helix during activation gating, a multitude of techniques have been em-
ployed [reviewed in (6, 39)] and together suggest that during activation there is a
rotation of the S4 helix and also a change in its helical tilt angle relative to the mem-
brane. However, the mechanics involved in transducing movements in the voltage
sensor into physical removal of a barrier within the ion permeation pathway is
still unknown. This process could involve separation of the S5 and S6 helices at
the base of the pore, as suggested in the pH-dependent gating of KcsA (16). At
the current level of understanding, these alterations may be the consequence of
shear-type motions (32) that result in the repositioning of helices around the pore.
SELECTIVITY AND FACILITATED DIFFUSION: AQUAPORINS The flux of water and
other small solutes across the membrane must be carefully controlled to main-
tain the appropriate osmotic balance within the cell. Members of the aquaporin
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(AQP) family are widely distributed through a diverse set of organisms and include
highly specific water-conducting channels [reviewed in (25)], as well as glycerol-
conducting channels such as the Escherichia coli glycerol facilitator, GlpF. Or-
ganized as tetramers of identical subunits, the quaternary structure of the AQP
proteins seems reminiscent to that of the KC channel proteins. However, unlike
the KC channels, each AQP subunit within the tetramer is capable of functioning
as an independent channel pore. The conductance of some members of the AQP
family are regulated by pH or phosphorylation.
The amino acid sequences of AQP family members show clear evidence for
sequence duplication between the amino- and carboxyl-terminal halves of the
channel, including a characteristic Asn-Pro-Ala (NPA) signature sequence found
in each segment. Structures of the AQP family have recently been determined for
the E. coli GlpF channel by X-ray crystallography at 2.2 ˚A resolution (30) and for
the red blood cell AQP1 by electron microscopy at 3.8 ˚A resolution (66). These
studies reveal that each subunit has six transmembrane helices threaded across
the membrane, along with two half-helices (Figure 1). The membrane-spanning
helices are tilted by an average of»33– and form a right-handed helical bundle that
provides the supporting scaffold for the two half-helices that enter from each side
of the bilayer. The sequence duplication is reflected in the presence of an internal
quasi-twofold axis in the plane of the membrane that relates the two structurally
equivalent parts of the channel. In particular, the two conserved NPA motifs interact
through the prolines across the interface surrounding this axis.
An exciting aspect of the GlpF structure is the presence of three glycerol
molecules that identify the permeation pathway and establish the selectivity mech-
anism of this channel for glycerol (30). The challenge faced by the GlpF channel
is to allow the passage of glycerol while absolutely discriminating against all ions
including OH¡ and HC (67a). The channel conducts both larger and smaller solutes
that are chemically similar to glycerol but with different conductances that reflect
stereo- and enantioselectivity (30). As noted by the authors, this is not unlike the
challenge faced by potassium channels that must selectively allow the passage of
dehydrated potassium ions through its pore. The half-membrane-spanning helices
in GlpF play a key role in its selectivity, particularly the Asn residues in the NPA
motifs at the amino-terminal end of each helix, as well as the residues in the loop
leading into these helices. Analogous to the KcsA channel, these residues can be
considered to form the selectivity filter of the GlpF channel (Figure 7). Carbonyl
groups from residues in this region form a hydrogen-bonding network on one side
of the channel that can interact with the OH groups of glycerol and associated wa-
ter molecules. The opposing side of the permeation pathway is lined with apolar
groups that can participate in van der Waals contacts with the carbon atoms of
glycerol. The amphipathic nature of the surface of the permeation pathway helps
to select molecules, including the linear poly-alcohols termed alditols, that are
similar to glycerol and share the characteristic of having a polar side and an apolar
side. Furthermore, the apolar component of the permeation pathway likely serves
to discriminate against ions and other charged molecules. Finally, the tight pack-
ing of this region prevents expansion of the pore necessary to permit the passage
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of larger molecules. As with the KC channel, the overall selectivity of aquaporin
channels appears to reflect an energetic balance between competing repulsive and
attractive forces.
MECHANOSENSITIVE CHANNELS: MscL The typically higher concentration of os-
molytes within a bacterial cell relative to the surrounding environment provides a
driving force for water flux into the cytoplasm. The resultant increase in volume
of the cytoplasm creates a turgor pressure that counteracts this flux due to the
expansion of the cytoplasmic membrane against the cell wall. Moderate turgor
pressure provides the mechanical force for the expansion of the cell wall and is
critical for bacterial growth. However, upon a sudden decrease in the osmolarity of
the surrounding medium, water rapidly moves into the cells, increasing the turgor
pressure to the point of cell rupture. Based upon the work of Kung et al. and oth-
ers, it appears that nearly all eubacteria express mechanosensitive channels within
the cytoplasmic membrane (4, 55, 94) that are sensitive to membrane tension, and
more recent work extends these observations to archaea (36).
The prokaryotic MscL, or mechanosensitive channel of large-conductance, pro-
vides a simplified paradigm for ion channels specialized in the transduction of
mechanical stimuli (e.g., sound, touch, gravity, pressure) into an electrochemical
response. First characterized by Kung et al. in E. coli following isolation of a
stretch-activated channel, MscL exhibits a large conductance of »2.5 nS with no
ionic selectivity and was subsequently cloned and shown to function as a homomul-
timer (93). The crystal structure of MscL from Mycobacterium tuberculosis (11)
provided clear evidence of the pentameric structure of this channel and demon-
strated that the protein is organized as two helical domains, one intramembrane
and one cytoplasmic (Figure 1). The membrane domain is composed of ten trans-
membrane helices, two from each subunit, whereas the cytoplasmic domain is
organized as a left-handed bundle containing one helix from each subunit. The
transmembrane helices are tilted by »35–, with respect to the membrane normal
with the amino-terminal–most helix of each subunit (the inner helix) lining the
permeation pathway. These inner helices pack together in a right-handed fashion
with a crossing angle of »¡43– to form the pore. This arrangement of helices
around the permeation pathway is similar to that observed for KcsA, despite the
opposite threadings of the polypeptide chains through the membranes, and the
differences in oligomeric states (78). A generally consistent view of the MscL
channel organization has been provided by recent site-directed spin label stud-
ies (75). The narrowest region of the pore occurs near the cytoplasmic side of the
membrane domain, where the side chain of Val21 is positioned directly into the ion-
conduction pathway, in effect, occluding permeation of solutes through the pore.
A critical role for Val21 in the gating of MscL has been demonstrated through
mutagenesis studies (68). Other residues flanking this region, as well as more dis-
tantly located positions such as in the extracellular loop, have also been shown to
have modulatory effects on the gating mechanism (2, 34, 62, 94, 107), which may
reflect their roles in the transition to the open state (91).
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Although significant structural rearrangements are necessary to account for
the conductance properties of MscL in the open state, it is not obvious how
the transmembrane and cytoplasmic domains structurally rearrange upon sensing
membrane tension. With an estimated pore diameter of »30–40 ˚A (15), the con-
formational changes associated with the closed-to-open transition of MscL must
be substantial. Assuming that all the subunits in the channel are equivalent in the
open state, an increase in pore radius necessarily requires some combination of
an increased number of helices lining the pore and/or an increased tilt of helices
lining the pore (Figure 6). An early model for the open state of MscL is based
on the former possibility and invokes an alteration of inner and outer helices to
create a 10-helix barrel-stave–type channel with the fi-helices nearly parallel to
the membrane normal (15, 89). The conformational rearrangement associated with
this transition could plausibly involve the coordinated movement of adjacent pairs
of inner and outer helices that are nearly antiparallel because these types of helix-
helix interfaces tend to be more stable (32). Attempts to generate explicit models
of this type, however, have suggested that a substantial number of hydrophobic
residues may be exposed to water in the open state, which would be energetically
unfavorable (92). An alternative mechanism for increasing the number of helices,
by increasing the number of subunits in the oligomer, appears unlikely in view
of the observations of Sukharev et al. that the MscL oligomer is not in dynamic
equilibrium with monomers (95).
Recently, a detailed proposal for the open state of MscL has been developed
by Sukharev & Guy, based on modeling studies combined with disulfide trapping
and electrophysiological characterizations (91, 92). In this model (Figure 8), the
symmetry of MscL is assumed to follow MWC-type postulates and is conserved
in both closed and open states. The structural rearrangements for forming a large
»30 ˚A pore in the open state involve increasing the helical tilt from 35– (closed)
to 70– (open); the inner helix lines the permeation pathway in both states. In the
open-state model, the interhelical-crossing angle between adjacent inner helices
increases from¡43– to¡68–. Both the tilt and the helix crossing angle are essen-
tially unprecedented in structurally characterized membrane proteins (Figures 4
and 5A), although of course, they are proposed to exist in a form that is signifi-
cantly less stable than the closed state under resting conditions. Rather than the side
chains of Val21 in the inner helices serving as the gate, Sukharev & Guy propose
that the real gate is a five-helix bundle containing the highly conserved amino-
terminal residues of each subunit. These residues are not observed in the crystal
structure, however, presumably due to disorder or other types of conformational
heterogeneity. Experimental support for the Sukharev & Guy model is provided
by the ability to stabilize an open state of MscL through disulfide-bond formation
between specifically incorporated cysteines that should be spatially adjacent only
in the open state. Due to the role of protein dynamic effects (10) and the influ-
ence of the membrane location of the cysteines on the rate of disulfide formation
(17), however, it would appear difficult to derive quantitative distance constraints
from these experiments. Nevertheless, this general approach has many attractive
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Figure 8 Comparisons of the structures of MscL as observed crystallographically in
the closed state (left) (11) and as modeled in the open state by Sukharev & Guy (right)
(91, 92). Views down the membrane normal (top) and in the plane of the membrane
(bottom) are provided. One subunit is highlighted in each structure for clarity. The
increased tilt of the membrane-spanning helices in the open-state model, along with
the increased helical length necessary to span the bilayer in the open-state model, are
evident. The dark horizontal line (right) indicates 40 ˚A.
features that could ultimately help lead to preparation and characterization of a
stable open state for structural studies.
CONCLUSIONS
The fi-helix unquestionably serves as the dominant element in the structural orga-
nization of the membrane-spanning region of channels and many other proteins.
Generalizing from the presently available structures of the KcsA, MscL, AQP1, and
GlpF channels, as well as the overall properties of helices in membrane proteins,
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it appears that
1. The most-nonpolar region of the membrane-exposed surface is 20 ˚A wide
(Figure 3), compared to the overall thickness of the bilayer (»40 ˚A), which
should have implications for the electrostatic barrier to movement of ions
across the membrane [for examples, see (56, 71, 72)].
2. The permeation pathways of channels are formed from helices that are tilted
»30––40– with respect to the membrane normal, which is relatively steep
for membrane-spanning helices (Figure 4). The pore-forming helices are
packed in right-handed bundles with a relatively steep interhelical-crossing
angle (»¡40–) (Figure 5A) that creates a funnel-like architecture with a
defined point of constriction.
3. The determinants of channel selectivity are provided by nonmembrane-
spanning elements supported within the helical bundle (Figure 7).
4. The conformational changes associated with channel gating can involve
pronounced quaternary structure rearrangements of the pore-forming he-
lices, as well as changes in tertiary structure involving these helices and
extramembrane components of channels. At the high tilt angles observed for
the pore-forming helices, the minimum pore diameter is particularly sensitive
to changes in helix tilt (Figure 6).
The role of the fi-helix as the workhorse for ion channels reflects both the
common elements of this motif, which are determined by the properties of the
polypeptide backbone, as well as the infinite variations that can be incorporated
through the particular choice of side chains dictated by the amino acid sequence.
Hence, the same basic structural framework can be tailored for a myriad of specific
functional purposes. From the available structures, common themes are emerging
concerning the role of fi-helices in the organization of the resting states of various
channels. The greatest outstanding challenges in our structural understanding of
channels are to realize how rearrangements of this basic framework can be triggered
and the mechanisms by which these changes occur.
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NOTE ADDED IN PROOF
Recent advances in the structural characterization of channels and transporters
have been provided by the crystal structure determinations of a KcsA potassium
channel-Fab complex [(108a); with an accompanying analysis of the energetics
of ion conductance (5a, 65a)] and of the E. coli MsbA transporter, a member of
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the ATP-binding cassette family (10a). Movements of the inner helices between
the closed and open states of KcsA have been characterized by site-directed spin
labeling studies (58a). The X-ray crystal structure of AQP1 has been reported at
2.2 ˚A resolution (90a).
Visit the Annual Reviews home page at www.annualreviews.org
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